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Seppo Vainio,* and Ulrich MuÈ ller² important for subsequent tubulogenesis. The data re-
veal that both cell surface±attached and ±secreted mol-*Biocenter Oulu
ecules contribute to the induction process. This reviewand Department of Biochemisty
summarizes these concepts and provides molecularUniversity of Oulu
models (Figure 2) for the different steps during kidneyLinnanmaa, Oulu 90570
organogenesis.Finland
Initiation of Ureter Development²Friedrich Miescher Institut
by a Mesenchymal SignalMaulbeerstrasse 66
The classical transfilter assay is carried out with mesen-4058 Basel
chyme isolated from embryonic day 11 (E11) mouseSwitzerland
embryos because mesenchyme from younger embryos
cannot be cultured reproducibly. Therefore, events prior
to E11 cannot be studied readily in organ culture. How-
In 1901, more than 20 years before he described the
ever, by this time kidney morphogenesis is well under
organizer potential of the blastoporal lip of the gastrulat-
way; the ureteric bud has formed and is in contact with
ing embryo, Hans Spemann demonstrated that lens de- the metanephric mesenchyme (Figure 1). This early
velopment is dependent on inductive signals from the phase of kidney development has now come into focus
optic cup to the presumptive head ectoderm (Spemann, in genetic experiments that address the functions of
1901). Following the initial observations, a series of tis- various transcription factors, signaling molecules, and
sue separationand recombination experiments revealed receptors by gene targeting in mice (Table 1 and Figure
that such inductive tissue interactions constitute a gen- 1A). The results of these experiments suggest that for-
eral mechanism controlling development. Traditionally, mation of the ureter is initiated by an inductive signal
mesoderm and neural induction have been termed ªpri- from the metanephric mesenchyme. The first genetic
mary inductive eventsº that are followed by a series of evidence for this model came from the analysis of mice
ªsecondary inductive eventsº that control organogene- that lack the transcription factor WT-1, the product of
sis. The pioneering work of Clifford Grobstein in the the Wilm's tumor suppressor gene. WT-1 is expressed in
1950s established the kidney as a model system tostudy the metanephric mesenchyme, but not in the developing
organogenesis. Kidney development has been pro- ureter and yet is required for ureter growth. In organ
posed todepend on a series of sequential and reciprocal culture the WT-1-deficient mesenchyme does not re-
inductive interactions between an epithelium and a mes- spond to heterologous inducer tissue (Kreidberg et al.,
enchyme. These interactions lead to the formation, 1993). The data suggest that WT-1 may regulate the
growth and branching of the epithelium to form the ure- expression of mesenchymal signal(s) that induces ureter
ter, and to the development of epithelial tubules from growth. Alternatively, it might influence the expression
mesenchymal cells (Figure 1A). To study the mechanism of a receptor(s) for ureter-derived inductive signal(s) and
of development of epithelial tubules from mesenchymal thus contribute to mesenchymal competence. Other
cells, Grobstein introduced an organ culture system targeted mutations that cause defects early in kidney
(Figure 1B) in which the metanephric mesenchyme is development include those in the genes encoding the
separated from the ureter and cultured on a filter. The transcription factors Pax-2 and Lim-1 (Shawlot and Beh-
inductive signal(s) is provided by a heterologous tissue ringer, 1995; Torres et al., 1995). Even though further
such as spinal cord that is cultured on the opposite side studies are required to establish their specific functions,
of the filter. Direct cell±cell contact between inducer and it seems likely that they operate earlier than WT-1.
responder tissue is established through the pores of the A candidate mesenchymal factor for the induction of
filter and considered to be required for induction (for a ureter formation, regulated directly or indirectly by
review, see SaxeÂ n, 1987). The assumption is that the WT-1, is the glial cell line±derived neurotrophic factor
spinal cord provides the same or very similar signals to (GDNF). GDNF is expressed not only in the nervous
the ones transmitted in vivo by the ureter. The identity system, but also within the metanephric mesenchyme
of the inducing molecules has remained unknown until prior to ureter invasion. GDNF can promote ureter
recently. Advances in technique such as gene targeting growth in vitro, but more importantly, ureter formation
in mice have now revealed several essential factors in is impaired in GDNF knock-out mice providing direct
the pathway underlying kidney development (Figure 1A, evidence that GDNF is a mesenchymal signal that con-
and Table 1) and provide genetic evidence for the se- trols ureter development in vivo. The receptor for GDNF
quential and reciprocal nature of inductive interactions. is a heterodimeric molecule formed by association of
These experiments also reveal that the classical transfil- the c-Ret receptor tyrosine kinase with one of several
ter assay may not faithfully reflect all the signaling mech- coreceptors. The ureter expresses c-Ret and at least
anisms observed in vivo. Importantly, thegenetic experi- one coreceptor, GDNFRa. Ureter development is per-
ments in mice suggest that (1) ureteric bud formation is turbed in mice carrying a targeted mutation in the c-ret
dependent on a mesenchymal signal, (2) signals from gene, and the phenotype shows striking resemblance
the ureteric bud lead to the development of different to the phenotype of GDNF knock-out mice (for a review,
cell lineages within the mesenchyme, and (3) regulatory see Robertson and Mason,1997). This implies that c-Ret
transmits the mesenchymal GDNF signal to epithelialinteractions between cells within these cell lineages are
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Figure 1. Schematic Representation of Kidney Development In Vivo
and in an Experimental Transfilter Assay for the Analysis of Tubule
Figure 2. Molecular Models for Inductive Interactions during EarlyDevelopment In Vitro
Kidney Morphogenesis
(A) Reciprocal inductive tissue interactions (shown with arrows in
(A) Inductive signals regulating formation of the ureter bud. (a) Initia-[a]) between the Wolffian duct±derived epithelium (epit) and meta-
tion: GDNF is secreted from the mesenchyme (shown in blue) andnephric mesenchyme (mes, shown in blue) lead to formation (b) and
leads to local activation of the c-Ret receptor tyrosine kinase in thebranching (c) of the ureteric bud. The bud induces mesenchymal
presumptive ureteric epithelium. This leads to induction of expres-cells to condense around the tip of the ureter branches (yellow
sion of proteoglycans (PG) and Wnt-11. (b) Growth and differentia-circles in [c]), and a subset of cells in the condensates (red circles
tion: multiplemolecules contribute to ureter formation; these includein [c]) form pretubular cell aggregates that epithelialize, undergo
GDNF and integrin a8b1 as mesenchymal proteins, while Wnt-11,morphogenesis, and differentiate into a tubular epithelium (shown
proteoglycans (PG), BMP-7, and currently unknown molecules (?,as red tubules in [d]). The tubular epithelium fuses to the ureter
FGFs) are provided by the epithelium itself. Wnt-11 and proteogly-epithelium and differentiates into the excretory nephron. In the
cans may establish an autoregulatory loop to maintain directionalmouse, the process of branching and tubule induction is repeated
growth of the ureter. Some of the epithelial signals acton the mesen-about 106 times. The many branches of the ureter will eventually
chyme as well.form the collecting duct tree. Targeted mutations in several genes
(B) Signals involved in tubule induction. (c) Patterning: the transcrip-disrupt kidney development at specific steps. The genes that have
tion factor Emx-2 regulates in the epithelium expression of yet-to-multiple functions are indicated when they function for the first time.
be-identified signaling molecule(s). Candidates are Wnt-11, BMP-7,(B) For the in vitro transfilter assay, the mesenchyme is removed
and FGFs that may be released from the epithelium and may befrom the ureter epithelium (e) and cultured in the presence of a piece
involved in patterning the mesenchyme into two zones, a tubularof dorsal spinal cord (f). Mesenchyme and spinal cord are separated
one (Wnt-4 positive, shown in red) and a stromal one (BF-2 positive,by a filter (shown in green in [f], [g]) containing pores that allow for
shown in blue). (d) Tubulogenesis: cells from the ureter epitheliumdirect cellular contact between both tissues. The inducer tissue is
and the stromal zone provide signals for cells in the tubular zoneremoved after 24 hr and tubules will develop in the mesenchyme
and contribute to their development into epithelial nephrons. Ac-over the next few days (g).
cording to the model, Wnt-4 is induced by a ureter-derived signal(s)
and acts as an essential downstream inducer of this ureter signal.
Wnt-4, like Wnt-11 in the epithelium, may be part of an autoregula-
cells. The observation that the penetrance of the kidney tory loop to promote tubule development.
phenotype is not complete in c-Ret knock-out mice sug-
gests a role for other proteins, such as GDNFRa, as
receptors for inductive signals. proliferation of epithelial cells by activating the c-Ret
receptor tyrosine kinase. GDNF may also regulate ex-How does c-Ret stimulation by GDNF lead to ureter
formation? The fact that GDNF can induce ureter growth pression of other signaling molecules that have subse-
quent functions during kidney development. Candidatein vitro, indicates that at least part of its role is to induce
Table 1. Targeted Mutations that Affect Kidney Development
Mutated Gene Defect Reference
Lim-1 multiple defects throughout urogenital development Shawlot and Behring, 1995; Torres et al., 1995
Pax-2
WT-1 ureter formation, and response of the mesenchyme to Kreidberg et al., 1993
ureter signal(s)
Integrin a8 formation, growth and branching of the ureter MuÈ ller et al., 1997 (Robertson and Mason, 1997,
GDNF for a review)
c-ret
Emx-2 differentiation of ureter and mesenchyme following induction Miyamoto et al., 1997
Wnt-4 epithelialization of mesenchymal cells Stark et al., 1994
BF-2 epithelialization of mesenchymal cells and ureter growth Hatini et al., 1996 (Hogan, 1996, for a review)
BMP-7
The table lists genes mentioned in the text that have been inactivated by gene targeting in mice and show defects in kidney development.
The kidney defects are indicated, but additional phenotypic alterations may arise that are not specified.
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molecules to act downstream of GDNF/c-Ret are pro- homogeneous cell population prior to interaction with
the ureter. Clearly though, the ureteric inductive signal(s)teoglycans that are expressed in the ureter (Vainio et
al., 1989) and are essential for ureter growth and patterns the mesenchyme into at least two different cell
populations, a tubular one and a stromal one (Figurebranching in vitro (Davis et al., 1995). Since proteogly-
cans bind signaling molecules such as Wnts and are 2B). The tubular cell population is thought to derive from
mesenchymal cells that contact the ureter directly andessential for their action (Binari et al., 1997), and since
proteoglycan expression is induced in the ureter in re- these cells express Pax-2, Syndecan-1, and Wnt-4 (Vai-
nio et al., 1989; Stark et al. 1994; Torres et al., 1995).sponse to c-Ret activation (Liu et al., 1996), they are
likely to be involved in the early inductive cascade. A The stromal cell population is confined to the perineph-
ric zone that surrounds the tubulogenic zone and ex-candidate for cooperating with proteoglycans in ureter
development is Wnt-11. Its expression is induced in presses the forkhead transcription factor BF-2 (Hatini
et al., 1996). Once the mesenchyme has been patterned,epithelial cells adjacent to the metanephric mesen-
chyme prior to ureter formation, suggesting that it may cells in the tubular zone undergo morphogenesis to form
epithelial tubules. Recent gene-targeting experimentsbe expressed in response to the GDNF signal. Once
induced, expression of Wnt-11 is maintained in a proteo- suggest that this process is dependent not only upon
signals from the ureter but also upon signals from theglycan-dependent manner in the ureter tips (Kispert et
al., 1996). This suggests a regulatory loop between these mesenchyme itself (Figure 2B). One of these signals is
provided by Wnt-4, whose expression is induced in cellsmolecules that acts downstream of GDNF to mediate
some of its effects on ureter development. of the tubulogenic zone upon interaction with the ureter.
In Wnt-4 knock-out mice the ureter forms and invadesWhile the mesenchyme releases secreted signaling
molecules such as GDNF during induction, recent exper- the metanephric mesenchyme, but the subsequent de-
velopment of epithelial tubules is abolished (Stark et al.,iments provide direct evidence that the mesenchyme
also expresses transmembrane-linked molecules that 1994). This then suggests that two signals are essential
for tubulogenesis, an initial ureter-derived signal(s) acti-are essential for ureter development. These experiments
show that expression of integrin a8b1, a member of vating Wnt-4 expression and Wnt-4 itself as a mesen-
chymal signal. Apparently, signals from the stromal cellthe extended integrin family of adhesion molecules, is
induced in mesenchymal cells adjacent to the growing lineage contribute to tubule formation as well, since
tubulogenesis is perturbed in mice that carry a targetedureter. Ureter growth and branching is disrupted in mice
that lack integrin a8b1. A candidate a8b1 ligand has mutation in the BF-2 gene. BF-2 is expressed in stromal
cells and may regulate the transcription of a yet-to-bebeen localized to the surface of the ureter, but its molec-
ular identity remains to be established (MuÈ ller et al., identified signal that acts on cells in the tubulogenic
zone (Figure 2B) (Hatini et al., 1996).1997). By binding to this ligand, integrin a8b1 may pro-
mote direct cellular interactions between the epithelium Based on earlier studies, it was not expected that
there would be two sequential signals for tubulogenesis,and mesenchyme. Alternatively, integrin a8b1 may local-
ize matrix molecules and associated signaling mole- an initial ureter-derived signal and a subsequent mesen-
chymal signal in the form of Wnt-4. In light of thesecules to the interface between ureter and mesenchyme,
and contribute in this way to early inductive interactions. findings, it is important to reevaluate the classical
Grobstein transfilter assay that uses a piece of the spinalA model that summarizes the regulatory interactions
operating during formation and growth of the ureter is cord as a heterologous inducer (Figure 1B). The spinal
cord is thought to provide the same inductive signalingpresented in Figure 2A.
Signals from the Ureter and Mesenchyme Regulate molecules as the ureter, but it is alternatively possible
that the spinal cord may provide the mesenchymalMesenchymal Development
Once induced by a mesenchymal signal, the growing Wnt-4 signal. Indeed, Wnt-4 is expressed in the piece
of the spinal cord used in the transfilter assay (Stark etureter reciprocates itself by expressing signaling mole-
cules that regulate the differentiation of the mesen- al., 1994). Thus far, no test has been done to determine
if recombinant purified Wnt-4 can induce tubulogenesis,chyme. We know very little about the molecules in-
volved, although some candidate molecules such as but a related experiment shows that it may well be capa-
ble to do so; cell lines infected with a retrovirus express-FGF-2, BMP-7, and Wnt-11 have emerged (see below).
Genetic evidence suggests that expression of signaling ing a Wnt-4 homolog, Wnt-1, induce tubulogenesis in
metanephric mesenchyme (Herzlinger et al., 1994). Onemolecules in the ureter epithelium is likely to be regu-
lated by the homeobox transcription factor Emx-2. In interpretation of this result is that Wnt-1 may substitute
for Wnt-4 to induce tubulogenesis in the absence of aEmx-2 knock-out mice the ureter forms and invades the
metanephric mesenchyme; however, its development is ureter-derived signal. It cannot be excluded at present
that Wnt-1 may mimic the activity of a ureter-derivedsubsequently arrested and the mesenchyme does not
differentiate (Miyamoto et al., 1997). The initial expres- signal that subsequently induces Wnt-4 expression.
Whatever the case, the establishment of Wnt-4 expres-sion of WT-1 and GDNF in the mesenchyme and c-Ret
in the ureter epithelium is not perturbed, suggesting that sion in mesenchymal cells in vivo is an essential early
event during the induction process.Emx-2 acts downstream of these genes to establish
expression of the ureter-derived inductive signal(s). The discovery that Wnt-4 acts as a downstream signal
during the induction cascade leading to tubulogenesisDifferentiation of the metanephric mesenchyme in re-
sponse to inductive signal(s) from the ureter is depen- leads to the question of the nature of the initial ureter-
derived signal. Is it a secreted or transmembrane mole-dent on cell proliferation, cell movement, cell differentia-
tion, and programmed cell death (for a review, see cule? In vitro data suggest a joint role for FGF-2 and
an uncharacterized factor secreted by the ureteric budSaxeÂ n, 1987). It is not known if the mesenchyme is a
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In this model GDNF released from the mesenchyme
activates the c-Ret receptor tyrosine kinase in the adja-
cent epithelium, leading to the induction of ureter growth
and development. Wnt-11 and proteoglycans act down-
stream of GDNF/c-Ret and establish an autoregulatory
loop that is required for continuous growth of the ureter.
Other signaling molecules are likely to contribute to ure-
ter development as well. Subsequently, a yet-to-be-
identified signal or combination of signals from the ure-
ter epithelium (candidates are Wnt-11, BMP-7, FGFs)
pattern the mesenchyme into at least two zones, a tubu-
lar one (Wnt-4, Pax-2, Syndecan-1-positive cells) and a
stromal one (BF-2-positive cells). Signals from the ureter
and from both cell populations are required for subse-
quent tubulogenesis. In particular, a ureter-derived sig-
nal activates Wnt-4 expression in cells of the tubulo-
genic zone. Like Wnt-11 in the ureter epithelium, Wnt-4
is proposed to act as part of an autoregulatory loop in
the mesenchyme to promote its development. Recep-
tors with adhesive properties such as proteoglycans
and integrin a8b1 may help to localize growth factors
to the cell surface, but may also contribue to the trans-
mission of inductive signal(s) to the cell interior. It will
be a challenge in the future to test this model and to
establish the nature of the primary inductive signal(s)
from the ureter to the mesenchyme.
